Objective: To examine total energy expenditure (TEE) in relation to occupation and reported leisure time activities in free-living Chinese adults, and to determine whether measured TEE values differ from current international dietary energy recommendations. Setting and subjects: Seventy three weight-maintaining adults aged 35 -49 y, leading unrestricted lives in urban Beijing, with a wide variety of occupations. Design and methods: A cross-sectional study in which TEE was determined by doubly labeled water, body composition by deuterium oxide ( 2 H 2 O) dilution, resting energy expenditure (pREE) by prediction equations, and occupational and leisure time activities by questionnaire. Results: For men and women respectively, TEE averaged 12.10 AE 0.32 and 9.53 AE 0.23 MJ=day (P < 0.001), and physical activity level (PAL ¼ TEE=pREE) was 1.77 AE 0.04 and 1.66 AE 0.02 (P < 0.05). Fat-free mass (FFM) was the single best predictor of TEE (adjusted r 2 ¼ 0.71, P < 0.001). Occupational category (light, moderate and heavy) further predicted TEE, independent of FFM (adjusted multiple r 2 ¼ 0.82, P < 0.001). Both TEE adjusted for weight and PAL increased with occupational category. Measured TEE was slightly but significantly higher than the 1985 FAO=WHO=UNU estimates for women with light occupations, but did not differ from estimates for men with light occupations, or for adults with moderate or heavy occupations. Conclusion: Level of occupational activity, but not duration or type of leisure activity, significantly predicted TEE in free-living urban Chinese adults. Current energy requirement recommendations slightly underestimated the energy needs of women with light occupations but were accurate for men and women with moderate and heavy occupations. Sponsorship: NIH grants DK53404 and F32-DK09747.
Introduction
Information on the dietary energy requirements of different population groups is needed for the planning of national nutrition programs and identification of at-risk groups. Currently, most developing and transitional countries use the 1985 FAO=WHO=UNU (herein referred to as 'WHO') recommendations as a basis for their energy requirements (FAO= WHO=UNU, 1985; Chinese Nutrition Expert Panel, 2000) . However, concerns have been raised about the accuracy of the WHO estimates (Prentice et al, 1986; Durnin, 1990a,b; Roberts et al, 1991 Roberts et al, ,1992 Goran & Poehlman, 1992; Reilly et al, 1993) because they are based on theoretical factorial calculations of energy needs rather than on direct measurements of total energy expenditure (TEE) in individuals leading different lifestyles.
The doubly labeled water ( 2 H 2 18 O) technique provides a more direct assessment of the TEE of free-living individuals, and has a relatively small technical error of AE 4 -6% when conducted by an experienced laboratory (Coward, 1988; Schoeller, 1988; Roberts, 1989; Schoeller et al, 1990; Black, 2000) . However the doubly labeled water method was only validated in the 1980s, and shortages of isotope since that time have prevented full exploitation of the method. Although there is now a considerable body of doubly labeled water data from individuals living in Western countries, there is still relatively little information on individuals living in non-Western countries (Coward, 1998) .
In this study, we investigated TEE and related variables in healthy urban Chinese adults who had a wide range of occupational activities. In addition, we explored the relationship between TEE and both occupational and reported leisure activity, because relatively little information is available on these relationships for any population group.
Subjects and methods

Subjects
The subjects were 73 adults (33 men and 40 women) who were living in urban areas of Beijing, China. Study candidates were recruited from 15 neighborhoods, which were widely distributed in three of the four urban districts of Beijing. Basic information on 100 -150 randomly selected household residents in each neighborhood was first obtained from archive records kept by neighborhood committees. Those individuals who were 35 -49 y old, living in the same neighborhood for ! 2 y, and willing to participate (45% of invited) were given a screening test. This test included a screening questionnaire by interview, physical examination and blood screening for hemoglobin level. The questionnaire included information on medical history, physical activity (14 scaled questions related to activity during work, transportation, and leisure time; Baecke et al, 1982) , and eating habits (consumption frequency and portion size of 10 food items that are major contributors to dietary fat content; Block, 1982; van Assema et al, 1992) . In addition, information on education, household income and assets was obtained.
Subjects from the upper and lower tertiles of the scores for dietary fat intake (percentage energy intake) and physical activity based on the screening questionnaire were considered potentially eligible to participate. The purpose of this stratification was to ensure wide ranges of dietary composition and physical activity within the study population, with equal numbers of subjects in each of four combinations of high or low dietary fat and high or low physical activity. All subjects were required to be free of any known illnesses or medical conditions that might affect energy intake and energy metabolism or prevent them from being physically active, were not taking any medications known to influence energy regulation, and were healthy as judged by a normal physical examination and a normal blood hemoglobin concentration (Hb, 120 -150 g=l for men and 105 -135 g=l for women; Kuang, 1990) . Additional exclusion criteria included postmenopausal status in women, smoking > 20 cigarettes per day, drinking more than two alcoholic drinks per day, weight change of > 3 kg over the past year, following a weight-control diet or vegetarian lifestyle, or self-reported change of eating habits or habitual physical activity levels during the past year.
Based on the screening examination, 142 subjects were qualified for the study, and 130 were willing to participate. Details of the subjects are given in Table 1 . The studies were conducted from the Institute of Nutrition and Food Hygiene, Beijing, with ethical approval obtained from the Human Investigations Review Committees at the Chinese Academy of Preventive Medicine and New England Medical Center= Tufts University. Written informed consent was obtained from all subjects prior to the start of the study.
Study protocol
The study was conducted over a 9 day period, usually starting on Saturday (which was the weekend day for most subjects), and finishing on the following Sunday. Batches of 8 -10 subjects were studied together, and these subjects were equally selected from the four different lifestyle combinations (high or low dietary fat and high or low physical activity) during different study months in order to control for potential confounding by seasonal changes.
Throughout the study, all subjects lived at home and were able to continue their usual occupations, transportation and leisure activities. Subjects were familiarized with the study procedures during a meeting 1 -2 days before the beginning of the study, and arrived at the research unit of the Institute of Nutrition and Food Hygiene on study day 1 after an overnight fast. The doubly labeled water measurement was started, anthropometric variables were obtained, and subjects were then discharged to lead their normal lives for the next 8 days. They returned to the research unit on the morning of day 9 after an overnight fast for a measurement Significantly different from men: *P < 0.01, **P < 0.001 (independent sample t-test). O dose containing 0.10 g=kg body weight of H 2 18 O and 0.08 g=kg body weight of 2 H 2 O was given orally to each subject early in the morning at the research unit after collection of baseline urine specimens. The dose was followed by two 25 ml water rinses of the dose container. A standard breakfast consisting of two slices of white bread and 500 ml 2% milk was given an hour after dosing (Calazel et al, 1993) , with optional additional items of up to 25 g (such as sugar and pickles). Subjects were then required to remain sedentary and not to consume any food or water while urine samples were collected at 3, 4 and 5 h after dose administration (the first two samples being taken for equilibration purposes). In a subset of subjects (n ¼ 12) in whom a possible failure to obtain a subsequent urine sample was anticipated, an additional 50 ml of water were orally administered. On subsequent study days, samples from the second void of the day were collected on the morning of days 2, 7 and 8, and the collections were supervized by field workers while subjects were free living, both at home and at work. All samples were aliquoted into airtight storage tubes (Cryos cryogenic vials, Vangard International Inc., Neptune, NJ, USA) immediately after collection and stored at 7 20 C prior to shipment on dry ice to Tufts University for isotope analysis.
Abundances of H 2
18
O and 2 H 2 O in dilutions of the isotope doses and in five urine specimens per subject (samples of baseline, 5 h of day 1, and days 2, 7 and 8, respectively) were analyzed using a Hydra gas isotope ratio mass spectrometer (PDZ Europa Ltd, Crewe, UK Prosser and Scrimgeour (1995) . Briefly, 0.5 ml of urine sample was pipetted into an Exetainer tube (Labco Ltd, High Wycombe, UK). For 16 O= 18 O analysis, the vial was sealed with a rubber septum cap and then CO 2 was added by a needle pierced through the septum. For 1 H= 2 H determination, a small (5Â30 mm) glass vial (Chromacol, Trumbull, CT, USA) partially filled with 5% platinum on alumina catalyst (Aldrich Chemical Co., Milwaukee, WI, USA) was added to the Exetainer tube, and then H 2 was added after the vial was capped. The only significant modification made in our laboratory to the Prosser procedure was to use a gas autosampler with a flushing needle (PDZ Europa Ltd, Crewe, UK) to introduce the equilibration gas instead of introducing it manually through a vacuum line. After the tubes were filled they were equilibrated at 20 AE 1 C overnight (for 18 O) or for 3 days (for 2 H). The tubes were then introduced sequentially into a helium flow that was dried by magnesium perchlorate, and then analyzed by a Hydra gas isotope ratio mass spectrometer set to detect either 16 O= 18 O or 1 H= 2 H. The enrichments of the equilibrated samples were compared to the enrichments of equilibrated local water standards (themselves calibrated against SMOW and SLAP). On average, triplicate isotope analyses of each urine and dose sample were performed. The precision (s.d.) for measurements of H 2 18 O abundances was 0.16% and for 2 H 2 O abundances was 2.50%. The coefficient of variation (CV) for total body water (TBW) from repeated measurements of 2 H 2 O dilution on days 1 and 9 was 1.60% (Yao et al, 2002) .
Carbon dioxide production rates (rCO 2 ) were calculated from the doubly labeled water data using a modification of the equations of Roberts et al (1990) incorporating an assumption of a fixed ratio of dilution spaces ( 2 H 2 O : H 2 18 O) of 1.0342 in all subjects (Racette et al, 1994 ) and Schoeller's fractionation correction for use in adults (Schoeller et al, 1986) . TEE values were then calculated from rCO 2 using de Weir's equation (de Weir, 1949) . To convert rCO 2 to TEE, a mean value of 0.88 for food quotient (FQ, determined from 24 h recall in 2024 randomly selected healthy adults living in urban Beijing from the 1992 China National Nutrition Survey; Southgate, 1973; Ge, 1992) was used since the data on dietary protein and carbohydrate intakes for the current study were not available for calculating FQ for individual subjects. However, it should be noted that the dietary fat intake of all the subjects in the national survey, expressed as the percentage of average daily energy intake, was only 0.8% lower than that in the current study (data not shown), and that small deviations in FQ values have only a small potential for introducing error into the calculation of TEE (Surrao et al, 1998) . For example, the error in TEE would be within AE 4% for 0.05 change in FQ. All calculations were performed using the doubly labeled water computer program DLW (Dallal & Roberts, 1991) .
A ratio of TEE to predicted resting energy expenditure (pREE) was estimated to give a physical activity level (PAL) index for each subject. For this ratio, pREE was determined using a cross-validated equation for healthy Chinese adults (Liu et al, 1995) 
2274. For comparison, pREE was also calculated using the equations of Schofield (pREEs, Schofield, 1985) , which are based on data from white men and women: pREE S (MJ=day) ¼ 0.048 Â body weight (kg) þ 3.653 for men and pREE S (MJ=day) ¼ 0.034 Â body weight (kg) þ 3.538 for women in the 30 -60 y age group. Note that prediction equations derived from Caucasian subjects are widely used but have been suggested to overestimate REE in individuals of Asian origin by up to 10% (Liu et al, 1995; Case et al, 1997; Jia et al, 1999; Leung et al, 2000) , whereas mean pREE values predicted from the Liu equation were within 2 -4% of measured REE (Liu et al, 1995; Leung et al, 2000) .
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Body composition
Total body fat was determined from the dilution of 2 H 2 O on study day 9 to provide an assessment of TBW that was independent of the TEE estimate. On the morning of day 9, subjects consumed 0.05 g=kg body weight of 2 H 2 O after an overnight fast and collection of a baseline urine specimen. Urine specimens were then collected at 3, 4, and 5 h after dosing. Abundances of 2 H 2 O in the dose dilutions and in two urine specimens (baseline and 5 h samples) were analyzed as described above. TBW was calculated as the 2 H 2 O dilution space at 5 h after dosing corrected for isotopic exchange with nonaqueous organic compounds (Racette et al, 1994) . Fatfree mass (FFM) was then calculated assuming a FFM hydration of 0.732 (Pace & Rathburn, 1945; van Loan, 1997) . The appropriateness of applying the standard hydration factor to this Chinese study population was confirmed by our recent analysis using TBW from 2 H 2 O dilution and FFM from a three compartment model (Yao et al, 2002 ). Percentage body fat was then calculated from the difference between body weight and FFM.
Anthropometry
Anthropometric measurements (including weight, height and circumferences of mid-upper arm, waist, hip and midthigh) were obtained in triplicate on days 1 and 9 using standard methods (Lohman & Martorell, 1988) . Body weight was measured to AE 0.23 kg (0.5 lb) in the fasting state with the subjects wearing minimal clothing, and height and circumferences were determined to AE 0.1 cm using portable equipment (ie digital electronic scale, measuring tape, steel strip stadiometer).
Self-reported physical activity and classification of occupational activity A modified version of the MOSPA questionnaire was interview-administered to all subjects on day 9 to assess their habitual physical activity over the study period. The original MOSPA questionnaire was developed for use in the WHO-MONICA project (39 centers in 26 countries at different stages of economic development). The questionnaire covers a 1 y period, and determines average weekly or daily time and energy expenditure spent in occupation, transportation, household chores, and leisure time activities (WHO, 1997) . In a recent study, Roeykens et al (1998) evaluated the validity of the MOSPA questionnaire in a Flemish population by comparing data to physiological parameters such as maximal aerobic capacity (VO 2max ) and body fatness, and reported that the questionnaire provided a relatively valid estimate of physical activity. For the present study, the questionnaire was modified to fit a structured interview mode, to cover only the eight consecutive days when the doubly labeled water study was conducted, and to allow for different activities on weekdays and weekends. Reported average daily physical activity was expressed as min=day, and classified by intensity levels using METs (an abbreviation for metabolic, representing the predicted ratio of TEE to REE during the activity; Montoye et al, 1996) . The intensity levels were light ( < 3 METs), moderate (3 -6 METs), and heavy ( > 6 METs). In addition, activities were classified by general activity groupings (ie occupation, transportation, household work and leisure time activities; WHO, 1997) . In these classifications, occupation was classified as light, moderate or heavy based on the type of occupational activities and the distribution of time between sitting, standing and performing different tasks of different activity levels. This classification of occupational work was used by a recent Chinese Nutrition Expert Panel (2000) report and was consistent with that suggested by the WHO (FAO=WHO=UNU, 1985) .
Statistical analysis
Values are expressed as mean AE s.e.m. Data were analyzed using SPSS 10.0 for Windows and Systat 9.0 for Windows (SPSS Inc., Chicago, IL, USA). Normality was examined by normal probability plots and the Kolmogorov -Smirnow test, and homogeneity of variances was assessed by Levene's test. Differences between men and women were examined by independent sample t-tests, and differences between TEE values and energy requirements as proposed by the WHO were analyzed by paired-sample t-test with the Bonferroni correction for multiple comparisons. TEE values adjusted for weight, FFM or pREE were obtained from adjusted least squares means of analysis of covariance. Associations between TEE or PAL and selected body composition parameters, with or without controlling for covariate(s), were assessed using analysis of covariance. Stepwise multiple linear regression analysis was performed to determine the best predictors for TEE. Occupational category and sex associations with energy requirements, expressed as TEE adjusted for body weight or PAL, were detected by using two-way ANOVA, and Tukey's HSD multiple comparison procedure. Statistical significance was accepted at P < 0.05.
Results
The physical characteristics of the subjects are summarized in Table 1 . On average, men and women were similar with respect to age and body mass index (BMI), Men were significantly taller (P < 0.001) and heavier than women (P < 0.01), and had a significantly higher waist-to-hip ratio and a lower percentage body fat (P < 0.001). Both men and women had small mean changes in body weight during the study period, but the changes were not significantly different from zero for either sex. The mean BMI values of the study population were higher than the median BMI of Chinese adults in the last China Nutritional Nutrition Survey in 1992 (21.8 kg=m 2 for men and 22.2 kg=m 2 for women; Ge, 1992 Table 2 presents the summary of reported habitual physical activity during the study period, derived from the MOSPA questionnaire. There was no significant difference between men and women in the total reported duration of habitual physical activity. The average daily duration of light activity was 70 AE 30 min longer for women compared to men (P < 0.05), but reported durations of moderate and vigorous activities were similar in men and women. When the reported duration of physical activity was categorized based on general activity groupings, women appeared to spend more time on housework than men (D ¼ 38 AE 9 min, P < 0.001), while average daily time devoted to occupation, transportation and leisure did not differ significantly between sexes.
The basic doubly labeled water data and values for energy expenditure parameters are shown in Table 3 . Mean values for unadjusted TEE, TEE adjusted for weight and pREE were significantly higher in men than in women (P < 0.001). However, TEE adjusted for FFM did not differ significantly between sexes. In addition, men had a significantly higher mean PAL value than women (P < 0.05) when pREE predicted from the Liu equation was used to calculate PAL. However, when pREE S predicted from the Schofield equations were used, mean values for PAL S were not significantly different between sexes. Further analyses showed that PAL values predicted from the Liu equation were significantly different from PAL S values predicted from the Schofield equations for men (P < 0.001) but not for women (P ¼ 0.359).
The relationships between TEE and body composition parameters are illustrated in Figure 1 . As shown, TEE was highly related to weight and FFM. When FFM, rather than weight, was incorporated in the regression model to predict TEE, sex was no longer a significant predictor. Therefore, the association between TEE and FFM (r ¼ 0.845, P < 0.001) was stronger than that between TEE and weight (after controlling for sex, partial r ¼ 0.629, P < 0.001). In contrast, there was no significant relationship between TEE and fat mass (FM), after controlling for FFM. Multiple regression models predicting TEE are summarized in Table 4 . The first regression equation (model 1) included variables such as weight, height and sex that can readily be assessed in field conditions (adjusted r 2 ¼ 0.65, P < 0.001). The second equation (model 2) contained FFM, which served as the single best predictor of TEE (adjusted r 2 ¼ 0.71, P < 0.001), and this model was more precise than the first equation. The third regression equation (model 3) was also developed with the intention of improving the second equation by fitting a model with FFM and occupational category (adjusted r 2 ¼ 0.82, P < 0.001). Model (Schofield, 1985) ; PAL S , TEE=pREE S . b Significantly different from men: *P < 0.05, **P < 0.01, ***P < 0.001 (independent sample t-test). Energy requirements of Chinese adults M Yao et al 3 was the best fitting model for predicting TEE, indicating that occupational activity and FFM were independently associated with TEE. As illustrated in Figure 2 , there was an inverse relationship between percentage body fat and TEE after controlling for weight and sex (partial r ¼ 7 0.504, P < 0.001). By using the PAL index to normalize for differences in metabolically active tissue mass, the reduction in PAL was significantly associated with an increase in percentage body fat after controlling for sex (partial r ¼ 7 0.486, P < 0.001). When the index of physical activity was calculated as the residuals of TEE, after adjusting for pREE to correct for the effect of body size in a linear regression analysis, a similar inverse relationship between adjusted TEE and percentage body fat was observed (partial r ¼ 7 0.455, P < 0.001, data not shown). Table 5 shows a summary of energy expenditure parameters by occupational category (light, moderate and heavy) and sex. There were significant associations of both occupational category and sex with adjusted values for TEE (P < 0.001), but there was no significant occupational category-by-sex interaction effect on adjusted TEE. As shown, TEE adjusted for weight increased with occupational category (P < 0.05), and the adjusted TEE of men was significantly higher than that of women regardless of occupational category. When energy expenditure was expressed as PAL, increasingly higher values of PAL were found with increasing occupational category (P < 0.001). Comparisons of calculated PAL from TEE and pREE, and the recommended energy requirements adopted by the WHO, by sex and occupational category, are shown in Figure 3 . The mean value for PAL for women performing light occupational 
Discussion
This study represents a first attempt to examine the TEE and hence energy requirements of weight-maintaining freeliving urban Chinese adults engaged in a wide range of occupations. The principal findings of this study were that TEE values measured using the doubly labeled water technique were similar to the WHO (FAO=WHO=UNU, 1985) estimates of energy needs in this urban Chinese population, and that occupational category was a significant predictor of energy requirements independent of FFM. Relatively little information has been published on the energy needs of individuals living in non-Western countries. In six such studies of TEE determined by the doubly labeled water method published between 1988 and 1997 (Stein et al, 1988; Huss-Ashmore et al, 1989; Singh et al, 1989; Kashiwazaki et al, 1995; Heini et al, 1996; Haggarty et al, 1997) , mean values for TEE in men and women were 1.95 and 1.72 times REE, respectively. These values are equivalent to the WHO estimates of moderate to heavy activities (1.78 -2.10 for men and 1.64 -1.82 for women). However, although general Significant main effect of occupation category (P < 0.001), but no significant effects of gender, and genderÂoccupation category interaction on PAL (two-way ANOVA). PAL values with different superscript numbers (1, 2, 3) are significantly different (P < 0.001; Tukey's HSD multiple comparison procedure).
Energy requirements of Chinese adults M Yao et al occupation types of the individuals in those studies were published (including agricultural laborers, college students and mothers living in a poor urban community), there were no examinations of energy requirements in relation to physical activity. Thus, it was not known whether these data supported or conflicted with the current WHO energy recommendations, which are based on theoretical predictions of energy needs and may therefore be inaccurate (Durnin, 1990; Roberts et al, 1991) .
In the present study, we obtained information on occupation patterns of our subjects and used them to classify individuals into light, moderate and heavy occupational activity categories equivalent to the definitions of the WHO (FAO=WHO=UNU, 1985) , and then compared PAL values within categories to the WHO (FAO=WHO=UNU, 1985) estimates. As shown in Figure 3 , values for energy requirements increased with occupation category and, except for women in the light activity category, our mean values were not significantly different from the WHO (FAO= WHO=UNU, 1985) estimates. Even for that group, the mean difference in PAL was < 0.1 units (equivalent to 135 kcal= day). These comparisons suggest that the current WHO (FAO=WHO=UNU, 1985) estimates of energy needs are appropriate for urban Chinese adults. It should be noted that we used the PAL system of expressing energy requirements in the comparison, which has been endorsed by some Shetty et al, 1996) but not all investigators (Carpenter et al, 1995) in the field. Although the PAL system may be technically criticized on the grounds that there is a non-zero intercept in the relationship between REE and TEE, in this study the intercept in the relation between pREE and TEE was not significant (P ¼ 0.634). Furthermore, our results were confirmed by the similar findings obtained from examining the association between percentage body fat and physical activity index expressed as either PAL or TEE normalizing for pREE by using linear regression analysis. It should also be noted that the Liu equation derived from a Chinese population and the Schofield equations adopted by the WHO yielded significantly different PAL values for men, indicating that the choice of REE predictors has a measurable effect on calculated PAL values.
If our finding that energy requirements suggested by the WHO (FAO=WHO=UNU, 1985) are found to be accurate for use in other non-Western countries in similar future studies, a further question will be why there appears to be a generalized underestimation of energy needs by these equations in Western countries (Prentice et al, 1986; Durnin, 1990a,b; Roberts et al, 1991 Roberts et al, ,1992 Goran & Poehlman, 1992; Reilly et al, 1993) , but not in non-Western countries. One possible explanation might be that in most of the developing countries or countries of economic transition, such as China, an individual's occupational activities are the primary contributor to physical activity-related energy expenditure. In contrast, in Western countries, the majority of adults are occupationally sedentary, but their leisure time activities vary substantially and may be an important determinant of TEE.
In addition to studying energy requirements, we also examined the predictors of TEE in our population. There was substantial individual variability in TEE, with a range of 9.2 -16.5 MJ=day for men and 6.5 -13.7 MJ=day for women. FFM determined by 2 H 2 O dilution was the best single predictor of TEE, explaining 71% of its variation. This finding is consistent with recent observations that FFM is highly associated with TEE in 22 doubly labeled water studies conducted in both affluent societies and developing countries (Schulz & Schoeller, 1994) . However, it should be noted that some of the previous studies used doubly labeled water data to derive both TEE and body composition data, and thus may have falsely overestimated the relationship between the two parameters (Diaz et al, 1991; Goran et al, 1993; Schulz & Schoeller, 1994; Rush et al, 1999) . Our data support this speculation because there was a slight increase (r ¼ 0.852 vs 0.845) in the correlation between TEE and FFM if the TBW data from the 2 H 2 O administered as part of the doubly labeled water study protocol was used to calculate FFM. We therefore attempted to avoid the same problem in the current study by using separate isotope assessments of TEE and FFM in our primary analyses.
In summary, the WHO theoretical estimates of energy requirements, which are based on level of occupational activity, were broadly accurate for the population we studied. Further studies are needed to examine the accuracy of international recommendations on dietary energy requirements for use in other non-Western populations, and to improve methods for estimating the impact of leisure activities on TEE.
